Summary: Transfer of autologous tumor-specific tumor infiltrating lymphocytes (TILs) in adoptive immunotherapy can mediate the regression of tumor in patients with metastatic melanoma. In this procedure, TILs from resected tumors are expanded in vitro, then administered to patients and further stimulated to proliferate in vivo by the administration of high dose IL-2. After in vitro expansion, TILs are often dominated by a few specific clonotypes, and recently it was reported that the persistence in vivo of one or more of these clonotypes correlated with positive therapeutic response. We and others have previously shown that repeated in vitro stimulation and clonal expansion of normal human T lymphocytes results in progressive decrease in telomerase activity and shortening of telomeres, ultimately resulting in replicative senescence. In the studies reported here, we therefore compared telomerase activity and telomere length in persistent and nonpersistent TIL clonotypes before transfer in vivo, and found a correlation between telomere length and clonal persistence. We also observed that TILs proliferate extensively in vivo in the days after transfer, but fail to induce substantial telomerase activity, and undergo rapid decreases in telomere length within days after transfer. Thus, in vivo loss of telomeres by clonotypes that have the shortest telomeres at the time of administration may drive these clones to replicative senescence, whereas cells with longer telomeres are able to persist and mediate antitumor effects. These findings are relevant both to predicting effectiveness of adoptive immunotherapy and in deriving strategies for improving effectiveness by sustaining telomere length.
Summary: Transfer of autologous tumor-specific tumor infiltrating lymphocytes (TILs) in adoptive immunotherapy can mediate the regression of tumor in patients with metastatic melanoma. In this procedure, TILs from resected tumors are expanded in vitro, then administered to patients and further stimulated to proliferate in vivo by the administration of high dose IL-2. After in vitro expansion, TILs are often dominated by a few specific clonotypes, and recently it was reported that the persistence in vivo of one or more of these clonotypes correlated with positive therapeutic response. We and others have previously shown that repeated in vitro stimulation and clonal expansion of normal human T lymphocytes results in progressive decrease in telomerase activity and shortening of telomeres, ultimately resulting in replicative senescence. In the studies reported here, we therefore compared telomerase activity and telomere length in persistent and nonpersistent TIL clonotypes before transfer in vivo, and found a correlation between telomere length and clonal persistence. We also observed that TILs proliferate extensively in vivo in the days after transfer, but fail to induce substantial telomerase activity, and undergo rapid decreases in telomere length within days after transfer. Thus, in vivo loss of telomeres by clonotypes that have the shortest telomeres at the time of administration may drive these clones to replicative senescence, whereas cells with longer telomeres are able to persist and mediate antitumor effects. These findings are relevant both to predicting effectiveness of adoptive immunotherapy and in deriving strategies for improving effectiveness by sustaining telomere length. A doptive immunotherapy using autologous tumor infiltrating lymphocytes (TILs) can mediate the regression of tumors in patients with metastatic melanoma. 1, 2 TILs from resected tumor metastases are cultured extensively in vitro to produce a highly activated and tumor-specific oligoclonal population comprised of a few clonotypes as determined by their T cell receptor (TCR) Vb expression. [1] [2] [3] After lymphodepleting chemotherapy, adoptive transfer of autologous in vitro expanded TILs into melanoma patients results in positive clinical responses in approximately 50% of treated patients. 1, 2 Although the factors that contribute to positive response are unclear, it was observed that positive clinical response correlated with the ability of at least one clonotype to persist at a significant percentage for a prolonged duration after transfer. 4 Because telomere length has been shown to be a critical determinant of T cell survival and replicative capacity, [5] [6] [7] we have investigated telomere length as a determinant of persistence and clinical response elicited by TILs.
In human cells telomeres are present at the ends of all chromosomes and consist of 5 to 15 kb of tandemly repeated (TTAGGG) n sequence and associated proteins. 8 Owing to incomplete terminal replication during DNA synthesis, telomeres shorten with cell division. 9, 10 Telomerase, a unique RNA-dependent DNA polymerase, is capable of synthesizing terminal telomeric sequences and compensating for this telomere shortening. 11 In normal human T lymphocytes, extensive proliferation ultimately leads to a reduction in telomerase activity and to the shortening of telomeres, eventually reaching a critically short length at which telomere function becomes compromised. 12 These events trigger the cell to enter into a state of senescence which is characterized by altered function and notably the inability to further proliferate. 13, 14 Because of the extensive in vitro proliferation and clonal expansion involved in the generation of TIL cultures for use in adoptive immunotherapy, we hypothesized that the ability to persist after transfer in vivo may depend on telomere length of administered TILs. After in vitro expansion, some TILs may have experienced significant telomere erosion such that further loss through stimulation and expansion in vivo cause them to reach critical shortening. In contrast, TILs with sufficient telomere length or ability to maintain telomeres after in vitro expansion may avoid senescence and retain the ability to persist and to mediate antitumor effector function in vivo.
To test this hypothesis, we measured the telomere length of persistent and nonpersistent TIL clonotypes before adoptive transfer, and at various times after administration in vivo. We have previously shown that clonotypes which persist in vivo after transfer to recipient patients start with longer telomeres at the time of TIL administration. 15 We have now confirmed these results with an enhanced flow cytometric technique. In addition, we have extended these observations in demonstrating that TILs undergo significant proliferation accompanied by telomere shortening within days after transfer in vivo. We further show that TILs fail to express significant telomerase activity when induced to proliferate in vivo or in vitro. Our work suggests that in the absence of the capacity to express substantial telomerase activity, telomere length may be a critical factor that limits the ability of TILs to proliferate and persist in vivo.
MATERIALS AND METHODS

Patient Populations
All patients in this study signed an Institutional Review Board approved consent and were treated with autologous TILs after lymphodepleting chemotherapy as described previously.
1,2 The patients studied here represent a population extended from and partially overlapping with those which we have previously characterized. 15 Clinical responses in patients were defined according to Response Evaluation Criteria in Solid Tumor criteria, and described previously.
1,2 The techniques of TIL culture have been described in detail. 3 Peripheral blood samples were obtained from patients at 1 week, again at 1 month, and at later times after adoptive transfer of autologous TILs, and peripheral blood mononuclear cells (PBMC) were separated from peripheral blood samples using Lymphocyte Separation Medium (MP Biomedicals, Irvine, CA). TILs and PBMC were cryopreserved and thawed into prewarmed human AB serum for analyses. CD8T cells in PBMC were enriched by passing samples over a MACS CD8 negative selection kit (Miltenyi Biotec, Auburn, CA).
Analysis of In Vivo T cell persistence
The analysis of in vivo persistence of TIL clonotypes using 5 0 rapid amplification of complementary DNA ends sequencing of TCR Vb expression in patients after adoptive transfer of autologous TILs was previously described. 16 Persistence is defined as the presence of a TIL clonotypic population at Z5% of the total peripheral CD8 population 1 month after transfer.
Telomere Length Measurement Using 2-color Flow-fluorescence In Situ Hybridization
Telomere length was measured using a 2-color modification of the flow-fluorescence in situ hybridization (FISH) protocol. 10, 17 Cells were first surface stained with TCR Vb-specific antibodies labeled with either fluorescein isothiocyanate (FITC) or biotin. Biotinylated antibodies were subsequently detected with Alexa-488-streptavidin (Molecular Probes, Eugene, OR). All antibodies were obtained from Beckman-Coulter, Fullterton, CA. After extensive washing to remove unbound antibodies, cells were resuspended in 100 mL phosphate-buffered saline (PBS), and TCR Vb-specific antibodies were then crosslinked to the cell surface with 100 mL of a 1.14 mg/mL solution of BS3 (Pierce, Rockford, IL) in PBS for 30 minutes at 41C. The cross-linking reaction was then quenched with 1 mL 50 mM Tris in PBS for 20 minutes at room temperature. To detect telomeres in these cells, they were then washed and incubated in a prewash buffer (PBS+1% bovine serum albumin) for 30 minutes at room temperature. Cells were then incubated with 300 mL of a hybridization solution containing 0.75 mg/mL Cy5-labeled (CCCTAA) 3 PNA telomere probe (Applied Biosystems, Foster City, CA) for 15 minutes, and hybridized at 821C for 15 minutes. Cell bodies were then gently washed to remove unbound telomere probe, and resuspended in prewash buffer. Intensity of telomere binding was measured using a FACSCalibur (BD Biosciences, San Jose, CA), gating on single cell bodies by scatter and specific clonotypes by FITC-or Alexa488-positive cells. A standard curve to convert fluorescence units to physical length was generated by comparison of a set of standard samples analyzed in parallel by flow-FISH and by gel electrophoresis as described. 17 Telomere signals were normalized to a control preparation of PBMC run with each experiment.
17-19
Ki-67 Staining
Cryopreserved TILs and PBMC were thawed into prewarmed human AB serum (Gemini Bio-Products, Woodland, CA), washed and resuspended in PBS with 2% fetal bovine serum (Gemini Bio-Products, Woodland, CA) at 5 Â 10 6 cells/mL and blocked with 10% normal mouse Ig (Caltag Laboratories, Burlingame, CA) for 10 minutes on ice. Cells (5 Â 10 5 ) in 100 mL were stained with antibodies specific for the b chain variable region of the T-cell receptor (Immunotech, Marseille, France) and antihuman CD8 antibody (BD Biosciences, San Jose, CA) at 41C for 40 minutes in the dark. Cells were washed twice and permeabilized and fixed using the Cytofix/ Cytoplug Plus with GolgiPlug kit (BD PharMingen, San Diego, CA) according to manufacturer's instructions. Cells were then stained with FITC conjugated Ki-67 antibody, washed twice and subsequently analyzed using a FACSCalibur instrument (BD Biosciences, San Jose, CA).
Stimulation of Cells for Telomerase Activity
One to 2 Â 10 6 TILs or PMBC were stimulated with medium containing 0.3 mg/mL OKT3 (Ortho-Biotech, Bridgewater, NJ), 50:1 irradiated allogeneic feeder cells, and 6000 IU/mL IL-2 for 4 days. Live cells were then separated with Lymphocyte Separation Medium (MP Biomedicals, Irving, CA), and specific clonotypes were isolated with either phycoerythrin (PE)-labeled MART-1 tetramer (Beckman-Coulter, Fullerton, CA) (for persistent clonotypes with MART-1 reactivity 2 ) or PE-labeled Vb antibody (Beckman-Coulter, Fullerton, CA) and positively selected with a MACS anti-PE kit (Miltenyi Biotec). CD8 cells within stimulated PBMC cultures were selected using a MACS CD8 negative selection kit (Miltenyi Biotec). Purity of separation was generally greater than 85%.
Telomerase Activity Assay
Telomerase activity was quantified with a polymerase chain reaction-based telomerase repeat amplification protocol, using the TRAPeze telomerase detection kit (Chemicon, Temecula, CA) and following the manufacturer's instructions. Briefly, lysates of cells were made at concentration of 10 7 cells/mL in 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate detergent. Serial dilutions of cell lysates were tested for telomerase activity, and products were separated by gel electrophoresis and visualized by SYBR Green (Molecular Probes, Carlsbad, CA). Telomerase activity was quantified as the total intensity of telomerase product bands divided by the intensity of a competitive internal standard included in each polymerase chain reaction. Telomerase activity in each experiment was normalized to that of EL4, a telomerase positive mouse tumor cell line that was analyzed in each reaction.
Statistical Analysis
Significance of differences in telomere length between groups was evaluated using 2-tailed Student t test.
RESULTS
Telomere Length of Persistent Versus Nonpersistent TIL Clonotypes
In previous studies, we showed that the persistence of transferred TILs in the peripheral blood of patients correlates with clinical response. 4, 15 In that work, we also reported that persistent clonotypes had longer telomeres after in vitro expansion than did nonpersistent clonotypes. Persistent clonotypes were identified by 5 0 rapid amplification of complementary DNA ends as those specific TCR Vb populations that each remained at Z5% of total CD8 population 1 month after transfer. In the present study, we expanded this analysis using 2 parameter flow cytometry to assess telomere length in persistent and nonpersistent clonotypes within the same TIL population. In addition, we have gone on to assess telomere length changes and expression of telomerase activity in TIL populations subsequent to in vivo adoptive transfer.
Clonotypes within a total TIL population were labeled with Vb-specific antibodies and telomere length measured using 2 color flow-FISH. The 2 color flow-FISH technique allows reliable measurements of telomere length of multiple clones within a population and avoids the need for cell separation to isolate individual clonotypes. It also provides an internal control for staining by concurrent measurement of clonotype-positive and clonotype-negative subpopulations within the whole TIL population. Assessing telomere lengths in TIL populations from 14 patients, it was found that clonotypes which persisted after in vivo transfer had longer telomeres than those which did not persist P<0.04 (Fig. 1A) . One notable exception to the correlation between telomere length and clonal persistence was a patient whose TIL were dominated (96%) by a single clonotype that did not persist but had the longest telomeres of any we measured. Inclusion of this patient reduced what was otherwise an even stronger correlation between telomere length and persistence.
To assess the relationship between telomere length and persistence or nonpersistence of multiple TIL clones in the same host environment, we analyzed 5 patients who received TILs that contained both persistent and nonpersistent clonotypes. In 4 of 5 patients, the transferred clonotypes that persisted in vivo were longer than those clonotypes from the same individual that did not persist. In the remaining patient, persistent and nonpersistent clonotypes had similar length telomeres (Fig. 1B) . This difference across all patients studied was statistically significant by paired t test (P<0.02), and suggests that telomere length contributed to the ability of TILs to persist in vivo in the same patient, and therefore independent of differences between individual patients.
Telomere Length Changes in Persistent Clonotypes After Transfer In Vivo
To further investigate how telomere length may influence persistence, we followed the telomere length of TILs after transfer in vivo. Telomere length of persisting clonotypes in the peripheral blood from 4 patients was measured by 2 color flow-FISH. In each of 4 patients, the persistent clonotype had an initial decrease of 10% to 30% in telomere length within days after transfer. After this initial decrease, telomere length remained unchanged for months (Fig. 2) . This decrease in telomere length suggested that TILs proliferated to a significant degree immediately after transfer, and became quiescent with longer time in vivo.
Proliferation of Transferred TILs In Vivo
To directly assess the proliferation of TILs in vivo, we stained specific persistent clonotypes derived from the peripheral blood of patients after transfer for the expression of Ki-67 as a marker of cycling cells. As shown in a representative experiment, the transferred TILs significantly up-regulated Ki-67 by 5 days in vivo, and this expression fell to undetectable levels at later time points (Fig. 3 ). In 4 patients tested, high levels (13% to 44%) of Ki67+ TIL were present in the peripheral blood, whereas peripheral blood from normal donors had low Ki67 expression (0.5% to 0.7%). BrdU incorporation in these cells followed similar patterns with significant uptake at 1 week, which disappeared at later time points (data not shown). Taken together these 2 experimental approaches indicate that TILs undergo substantial proliferation that is restricted to the first 5 to 7 days after in vivo transfer. Thus, the observed shortening of telomeres that occurs immediately after adoptive transfer occurs during a period of substantial cell division, and suggests that compensatory mechanisms such as telomerase are not sufficient to compensate for telomere loss during cell division and chromosomal replication.
Telomerase Activity of TILs
In normal T lymphocytes, stimulation and subsequent proliferation are often accompanied by activation of the enzyme telomerase. 5, 20, 21 High telomerase activity can initially compensate for the loss of telomeres that occurs with cell division. 21, 22 However, with repeated stimulation in vitro or in vivo, the ability to activate telomerase activity decreases and telomere length shortens. 5, 7, 23 To determine the extent to which TILs are able to activate telomerase as a mechanism for maintaining telomere length in vivo, we measured the telomerase activity of TILs and persistent clonotypes after transfer.
In the process of generating TILs for in vivo transfer, cells undergo substantial in vitro expansion. Cells harvested from in vitro culture and just before in vivo administration were found to have very low to undetectable telomerase activity (Fig. 4) . Likewise, at 1 week after transfer, a time point when TILs seem to be proliferating in vivo, telomerase activity was very low. To further probe the ability of TIL to express telomerase in response to stimulation, we attempted to mimic conditions of in vivo antigen encounter and activation by restimulating pretransfer TILs in vitro with anti-CD3 mAb, high-dose IL-2, and irradiated allogeneic feeder Days relative to cell transfer % of persistent clonotype Ki67+ FIGURE 3. Ki-67 expression of TILs after transfer in vivo. This representative experiment presents the percentages of cells with a persistent TIL clonotype that express Ki-67 increase in the few days after transfer, indicating an early and transient peak of proliferative activity. cells. These TILs responded by proliferating to an extent similar to that observed in freshly isolated normal peripheral blood CD8T cells stimulated in the same manner (data not shown). However, TILs did not increase expression of telomerase above marginally detectable levels, whereas significant up-regulation of telomerase was observed in activated normal peripheral blood CD8 T cells (Fig. 4) . Thus, TILs seem to have a limited ability to activate telomerase and may therefore be unable to compensate for telomere loss that occurs during the proliferative response that is observed after in vivo transfer.
DISCUSSION
Adoptive cell transfer immunotherapy can be used to treat patients with metastatic melanoma. In response to the treatment protocol employed in the present study, about half of patients achieve a positive response, defined by Response Evaluation Criteria in Solid Tumor criteria. 1, 2 Initial comparisons between patients who responded and those who did not, yielded few differences in either host factors or the TILs used to treat them (data not shown). The notable exception is the observation that persistence, defined as the ability of at least 1 clonotype to remain in the peripheral blood 1 month after transfer at 5% or greater of the total CD8T cell population, correlates very strongly with clinical response. 4 Here, we investigate a potential mechanism of why some TILs fail to persist, and suggest potential strategies to improve the success of this therapy.
Expansion of TILs for treatment requires extensive proliferation in vitro before transfer. [1] [2] [3] In normal T lymphocytes, extensive in vitro proliferation 5, 12 and clonal expansion in vivo 24, 25 result in the progressive shortening of telomeres. When telomeres reach a critically short length, the cell enters into a state of senescence characterized by functional changes, including replicative arrest. [12] [13] [14] Experiments have shown that peripheral human CD4 and CD8T cells may be cultured in vitro for 20 to 30 population doublings before they reach senescence. 7, [26] [27] [28] By comparison, TIL cultures start from a small tumor mass and undergo a B10 4 to 10 5 -fold in vitro expansion before transfer. 3 This corresponds to B13 to 17 population doublings, and is likely to represent much greater clonal expansion, depending how many (or few) TILs in the initial tumor mass were precursors of the expanded populations, and how much cell death occurred in culture. This degree of expansion places TILs in a range where telomere shortening could affect their function.
Telomeres were on average longer in persisting clones than in nonpersisters in the present study. However, when analyzed across populations of TILs generated from multiple patients, we could not identify a single telomere length that differentiated TILs destined to persist from those that do not. To eliminate the effect of interindividual differences on the effect of telomere shortening, we were able to compare the telomere length of persistent versus nonpersistent clonotypes within in the same individual. By this internally controlled paired analysis, persistent clonotypes were significantly longer than nonpersistent clonotypes, suggesting that telomere length is a major determinant of persistence within individuals.
In the studies reported here, we were able to extend the analysis of TIL populations used in adoptive immunotherapy by studying their proliferation and telomere dynamics after transfer in vivo, as well as their ability to express telomerase. Generally, in in vivo situations both homeostatic 29 and antigen-driven proliferation are accompanied by high telomerase activity and maintenance of telomere length. 21, 30 Transferred TILs behaved in a unique manner in that extensive proliferation occurred in vivo, but was accompanied by little if any detectable increase in telomerase activity. In the clinical protocol studied here, TILs are transferred into an environment where they potentially receive strong signals to proliferate, from tumor antigen stimulation, high-dose IL-2 treatment, and homeostatic forces to repopulate the lymphodepleted host. Despite apparent proliferation as indicated by Ki-67 expression and BrdU incorporation, we detected little compensating telomerase activity, in either in vivo or in vitro stimulation conditions. Thus, persistent TILs proliferate after transfer but fail to express telomerase activity, potentially leading to the observed rapid decrease in telomere length of persistent clonotypes within days after transfer. Nonpersistent clonotypes, with shorter telomeres at the time of administration, may be unable to tolerate further telomere loss, and may rapidly undergo senescence and/ or apoptotic death as a consequence of critical telomere shortening. Telomerase activity in TILs. TILs after expansion had very low telomerase activity, in vitro and in vivo, and did not up-regulate telomerase upon restimulation. TILs or freshly isolated peripheral blood leukocytes were stimulated with anti-CD3 and APC as described in Materials and Methods. CD8-enriched populations of peripheral blood leukocyte were isolated after stimulation; and clonotypic TIL populations were isolated by tetramer binding or TCR Vb expression. Lysates from these populations were assayed for telomerase activity as described, and activity is expressed in relative units on the basis of a standard included in each assay. Telomerase posttransfer in TIL2 and TIL6 were not examined due to unavailability of samples.
Although we could not directly assay the telomere length of nonpersistent clonotypes after transfer, persistent and nonpersistent TILs share a remarkable degree of similarity in expression of a wide array of activation markers (CD69, CD25, and CD40L), homing molecules (CCR7, CXCR4), and differentiation markers (CD45RO, CD27).
15 CD28 expression was low in both persistent and nonpersistent clones, but tended to be lower in nonpersisters. Thus, at our present stage of understanding, telomere length of TILs is the phenotypic variable that best predicts clonotypic survival and concomitant probability of clinical response. Given the correlation to persistence, telomere length might also be a determinant of clinical response, which is itself correlated with TIL clonal persistence. 4 Our previous study of telomere length of TILs indeed reported a significant correlation between average telomere length of the overall pretransfer TIL culture and clinical response. 15 We also observed this trend in the present study; however, it did not reach statistical significant (data not shown) due in part to the inclusion of 3 recently studied nonresponding patients who had persistent clonotypes with long telomere length. These cases suggest that although telomere length and persistence may be necessary conditions to positive clinical outcome, other factors may also influence clinical response.
Identifying telomere shortening and consequent senescence and/or cell death as a possible mechanism mediating failure of clonotype survival suggests strategies to improve effectiveness of adoptive immunotherapy. Most immediately, measuring relative telomere length of the multiple TIL cultures routinely generated from distinct tumor sites in each patient might provide a means for selecting the clones that are most likely to persist and to be effective. Additionally, strategies such as transduction of hTERT, the catalytic component of telomerase, can increase proliferative lifespan of human cells, including T cells, without apparent transformation or loss of function, 31, 32 and may improve the immune function of transduced lymphocytes. 33 Manipulation of telomere length by expression of hTERT in TILs may thus represent a useful approach to increasing effectiveness in adoptive immunotherapy.
